Abstract-The analysis procedure of the microstructure evolution during intense deformation is developed and approved by the example of high speed stamping (HSS) of GTE blades made of VT9 titanium alloy based on an analytical model of dynamic recrystallization. Model coefficients were calculated by the results of a measurement of grain sizes during preliminary experiments on the high speed upsetting of cylindrical sam ples made of VT9 alloy. The microstructure was investigated experimentally after the HSS of blades made of VT9 alloy using a VSM4 hammer with the motion velocity of falling parts in the beginning of deformation at 30 m/s. The microstructure evolution of the deformed medium is modeled analytically (by the sizes of the α phase), allowing for the variation in texture along main deformation directions with an error reaching 10%.
INTRODUCTION
The formation of parts for the aviation industry from titanium alloys is characterized by the specifics of requirements for the formation of a microstructure, which determines the totality of mechanical properties of stamped articles [1, 2] . The dynamic recrystalliza tion, which affects the structure of the stamped billet, is a very complex process that can include a multitude of mechanisms. Some of them are the mechanisms of grain nucleation at the joint of angular grain boundaries [3, 4] ; formation and migration of the twin boundary [4] ; the development of newly formed grains to a critical size, depending on the stored internal energy [5] ; and, finally, thermodynamic aspects of the process [6] . In recent decades, researchers have attained large suc cesses in the field of phenomenological (not associated with the process physics) modeling of microstructural evolution of polycrystalline bodies based on the Avrami developments. Nevertheless, they cannot solve certain important questions. First, these models are usually applied only to concrete production processes in the ranges of thermomechanical deformation modes rela tively narrow from the viewpoint of the initial micro structure when the values of temperature, stress, and deformation rate are found experimentally according to the variation in microstructure [7] . Second, it follows from the first remark that these phenomenological models do not take into account the thermodynamic conditions of varying the grain boundary structure depending on the internal energy at the boundary and inside the grain in processes with high deformation rates. A procedure of modeling the microstructure depending on the thermomechanical deformation modes was developed for high speed stamping the blades from titanium alloys; this procedure is based on the motion equations of the deformed polycrys talline medium [8] and analytical model of recrystal lization [9] .
Like with high speed stamping, we here understand the plastic formation of blades on high speed hammers with flow rates of metal up to 400-450 m/s during the summary rolling out in the plastic deformation region of 10-12. Such a mode is ensured by the motion veloc ity of the deforming tool (puncheon) up to 40 m/s for hummers with a drive using the energy of compressed nitrogen and up to 90 m/s for hummers with a blasting powder drive. Figure 1 shows the distribution pattern of deformation intensity when modeling the extrusion process of the blade billet from VT9 alloy in the Deform 3D software complex. It is seen that, as the local metal volume shifts from the sole of the pull end into the wing, the plastic deformation successively accumulates in the volume, which leads to the struc tural variations and dynamic recrystallization.
MODELING PROCEDURE
To analytically model the dynamic recrystalliza tion, we should determine the dependences between the grain sizes and deformed state parameters. The ratio between them is specified by the dynamic recrys tallization equation for the averaged grain size d av = d av ( T 0 ) in the form of the set of equations describ ing the dynamic recrystallization [8, 9] : (1) where unknown coefficients
can be found experimentally from diagrams of dynamic recrystallization, while the thermal migra tion coefficient of grain boundaries α w is determined by its initial value α T = 273 , which equals the linear expansion coefficient at T = 273 K; self diffusion acti vation energy Q; and deforming temperature T 0 and Let us express relative elongations of grains, which represent the ratios of grain sizes along two axes i and k to the size of axis j, through dependences (3) It follows from dependences (3) that, when estab lishing quantities and by microstructural frag ments allowing for the constancy law of the grain vol ume for the bulk deformed state and for the plane deformed state, we can deter mine structure formation coefficients f jj and f ii in the direction of axes j and i: (4) where p j = ( ) 1/3 , p i = ( ) 1/3 and p j = p i = for the bulk and plane deformed states, respec tively.
For a plane deformed state, to which high speed blade stamping can be conventionally attributed, relationship is valid; from here it follows from (4) that (5) Thus, we can determine sensitivity coefficients to deformed state f 0 and k vε for a plane deformed state from the solution of set of equations (4) and (5) 
value ( ) 0 ≈ ( ) i and organize the iteration process with respect to parameter m:
We come out of the cycle with respect to m and accept upon reaching required accuracy
The algorithm of calculation of the variation in the grain size during the dynamic recrystallization in the general form is presented in Table 1 .
The procedure of modeling the microstructural evolution during high speed stamping the α + β tita nium alloys deformed below the α ↔ β point of poly morphic transformations is as follows.
Stage 1
The variation in geometry (maximal of sizes) of the primary α phase in the grain of the stamped blade is investigated in two regions by metallographic micros copy. The first region-the pull end blade part-is arranged before the intense plastic deformation (IPD) region arranged in the passage region of the pull end part into the blade wing. The second region is arranged behind the IPD region. Since the zone near the pull end sole is not deformed, the uniaxial structure of the initial billet is retained, the size of the α phase of the grain of which is accepted as the initial value. Further metallographic sections are made to analyze the microstructure in the cross section along the blade wing in the near butt region and in the longitudinal direction in the zone of the average thickness of the near butt cross section.
Stage 2
Using the dynamic recrystallization equation, the sizes of the deformed α phase are sequentially calcu lated. The goal of the calculation with known formal The iteration process of the calculation of the vari ation in grain size depending on the final degree of deformation is performed. Sequential calculations of sizes d i and d j of the α phase depending on the current degree of deformation are performed according to the procedure of stage 2. Each sequential value of the degree of deformation (deformation or deformation rate) can be found from the previous one by varying for quantity no larger than 10-15%; values of and (k ve ) d 
No. 2 2015 of the previous stage are taken as initial approxima tions of and (k ve ) 0 .
RESULTS AND DISCUSSION
The experimental investigation into the micro structure was performed after high speed stamping the blade from VT9 titanium alloy using a VSM4 hummer with a velocity of incident parts in the beginning of deformation of 30 m/s. Starting from the results, we analytically determined grain sizes based on the dynamic recrystallization model (by the deformed α phase) in the near butt wing region of the blade bil let for the GTE compressor stamped from VT9 alloy, which were further compared with the experimental values.
Microstructural fragments used to simulate the dynamic recrystallization are presented in Fig. 2 for the longitudinal and transverse metallographic sec tions. Microstructural metallographic sections were cut from templates of the blade stamped using a d 0 VSM 4 hummer in the near butt region. The micro structure of the blade pull end is uniaxial (corresponds to the 2th-3th mark of the 9 mark scale) of the "moiré" type; the average grain size (by the α phase) is 4.2 μm. After the deformation is performed, the struc ture elongated in the direction of the maximal defor mation is observed upon the passage into the blade pull end. The measured grain size (by the α phase) is 3.95 μm in this direction and 2.06 μm in the orthogo nal direction.
The structure is characteristic of the titanium alloys deformed in the upper part of the α + β region below the temperature of α ↔ β polymorphic transforma tion. Since the boundaries of the grains of the β phase are poorly revealed by metallographic microscopy, the blades were subjected to annealing after deformation, which is why the newly formed (secondary) α phase, which is isolated preferentially along grain boundaries at the joint of low angle boundaries, marked the boundaries of β grains. Primary plates of the α phase were deformed inside the β grain with the formation of the characteristic moiré structure in the pull end blade part, which is subjected to a lower degree of deforma tion (up to 30%) than the blade wing. The structure of the primary α phase in the blade wind is elongated, determined by elongation larger than five, almost platelet, and fragmented. The size of newly recrystal lized subgrains in the wing is 3-10 μm. We calculated sensitivity coefficients to the type of the deformation state, which is characteristic of high speed extrusion of titanium blades from VT9 alloy in the α + β region according to the known dynamic crystallization equa tion, which allowed us to reveal the pattern of varying grain sizes in dynamics.
The average size of the initial plate of the α phase in the pull end part before the intense plastic deforma tion region (PDR) d i ≈ d j = 4.2 μm; the sizes of α phase in the deformed grain are presented in Table 2 . To determine the grain sizes, no less than seven points are randomly selected for each of two fragments, in which the maximal size of the α phase is measured according to the denoted step scale (see Fig. 2) .
A dynamic recrystallization model for VT9 tita nium alloy is determined by experimentally found coefficients according to dependence (1) . Coefficients are presented in Table 3 .
Coefficients of model (1) were calculated by the results of measuring grain sizes during the preliminary experiments on the high speed reduction of cylindri cal samples made of VT9 alloy. Degrees of deforma tion under study were arranged in a range of 5-100%, and the temperature range was 650-1200°C.
The initial data for calculations are constants and coefficients of the dynamic recrystallization equation (see Table 3 ), manufacturing parameters (Table 4) Table 2 ). If calculations diverge with the experiment, parameter (k ve ) 0 increases, after which calculations are repeated to the required accuracy. Intermediate results of calculations are tabulated in Tables 5-7 .
The results of a calculation of the grain size (by the deformed β phase) of the blade billet stamped in the α + β region are presented in plots of Fig. 3 . The calcu lation error for these conditions reached 10% (Table 8) . Table 3 . Coefficients of the dynamic recrystallization model for VT9 alloy 
The presented procedure allows us to predict the dynamics of variations in the grain sizes (or phase inclusions correlating with grain sizes) depending on the deformed state according to the known dynamic recrystallization equation and two microstructural fragments in the longitudinal and transverse directions relative to the flow direction of metal. It should be noted that the grain nonequiaxiality predicted depending on the deformed state, which is character ized by the preferential orientation and relative grain elongation (subgrain or phase inside the grain) is the cause of the spread of mechanical properties of the stamped ware along the directions of principal defor mations. CONCLUSIONS (i) The formalized representation of the dynamic recrystallization in the form of temperature depen dences (1) and (2) and indices of the deformed state, as well as the analytically determined sensitivity coef ficient to the type of the deformed state, allow us to simulate the variation in the microstructure of the deformed medium (grain sizes along principal defor mation directions) in dynamics allowing for the initial texture.
(ii) The accuracy of simulating the variation in grain size depends on the accuracy of coefficients of recrystallization model (1), (2) (see Table 3 ); accuracy in determining the grain sizes in the initial structure (Table 5) ; and accuracy of determining the parameters of the deformed state in the region of stamped billet under study (see Fig. 1 ). The divergence with the experimental data on measuring the sizes of the deformed α phase for the case under consideration in the article reached 10%.
(iii) The analysis of the dynamics of varying the grain sizes (by the α phase) during high speed stamping the blade from VT9 titanium alloy in the α + β region depending on the degree of deformation allows us to conclude the following:
(a) the increase in the sensitivity coefficient to the type of the deformed state (|k ve | = 0.1-0.4, see Fig. 3c ) evidences an increase in the influence of the accumu lated plastic deformation on grain scattering and recrystallization with an increase in elongation (λ = 1.5-2.0); (b) the dynamic component of recrystallization at small elongations in the PDR (λ < 1.5) is small (the value of k ve is close to 0 , Fig. 3c); (c) the corresponding increase in relative elonga tion of the α phase in limits of 1.1-2.2 (see Fig. 3d ) is observed at elongations in the range λ = 1.5-2.0 due to the preferential variation in the grain size in the direction transverse to the metal flow (see Fig. 3a) ; (d) an almost invariable formation coefficient of texture f ii = 0.09-0.1 in the longitudinal direction with an increase in elongation compared with an increase in coefficient f jj = 0.09-0.19 in the transverse direction (see Fig. 3b ) evidences the rotation and preferential orientation of the strengthening α phase in the flow direction.
